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ABSTRACT Recent studies of protein dynamics suggest that ionic channels can assume many conformational substates.
Long-lived substates have been directly observed in single-channel current records. In many cases, however, the
lifetimes of conformational states will be far below the theoretical limit of time resolution of single-channel experiments.
The existence of such hidden substates may strongly influence the observable (time-averaged) properties of a channel,
such as the concentration dependence of conductance. A channel exhibiting fast, voltage-dependent transitions between
different conductance states may behave as an intrinsic rectifier. In the presence of more than one permeable ion
species, coupling between ionic fluxes may occur, even when the channel has only a single ion-binding site. In special
situations the rate of ion translocation becomes limited by the rate of conformational transitions, meaning that the
channel approaches the kinetic behavior of a carrier. As a result of the strong coulombic interaction between an ion in a
binding site and polar groups of the protein, rate constants of conformational transitions may depend on the occupancy
of the binding site. Under this condition a nonequilibrium distribution of conformational states is created when ions are
driven through the channel by an external force. This may lead to an apparent violation of microscopic reversibility, i.e.,
to a situation in which the frequency of transitions from state A to state B is no longer equal to the transition frequency
from state B to state A.

INTRODUCTION

Ion movement through a transmembrane protein channel
may be described as a series of thermally activated jumps
over energy barriers. The potential wells and barriers along
the transport pathway are determined by the structure of
the protein, i.e., by the spatial distribution of ligands such
as oxygen atoms of carbonyl groups. In the traditional
treatment of ion transport in channels the energy profile is
considered to be fixed, i.e., independent of time and
independent of the movement of the ion. Such a description
corresponds to an essentially static picture of protein
structure. During the last years evidence has been accumu-
lated, however, that proteins can assume many conforma-
tional substates and at physiological temperatures rapidly
move from one substate to the other (Frauenfelder et al.,
1979; Karplus and McCammon, 1983). Support for the
dynamic nature of protein structure comes from x-ray
diffraction and Mossbauer studies (Huber et al., 1976;
Parak et al., 1981), fluorescence depolarization experi-
ments (Lakowicz et al., 1983) and nuclear magnetic
resonance (NMR) measurements (Wagner, 1983). These
and other studies have shown that internal motions in
proteins occur in a wide time range, from picoseconds to
seconds.

Direct evidence that ionic channels may assume dif-
ferent conformational states comes from single-channel
records obtained by the patch-clamp technique (Sakmann
and Neher, 1983). Intermediate conductance levels
between the fully open and the fully closed state have been
observed, for instance, with acetylcholine-activated end-
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plate channels (Hamill and Sakmann, 1981; Trautmann,
1982; Auerbach and Sachs, 1983) and with glycine-
activated channels in neurons (Hamill et al., 1983). In
these systems the lifetimes of the substates were suffi-
ciently long so that transitions could be observed directly in
the current records. The detection of fast transitions
between substates is limited, however, by the finite band-
width of the measurement. This means that in many cases
the observed single-channel current represents merely an
average over unresolved conductance states. As will be
discussed below, the existence of such hidden substates
may strongly influence the observable properties of the
channel, such as the current-voltage characteristic or the
concentration dependence of conductance.
Of particular interest is the possibility that ion translo-

cation in the channel becomes coupled to conformational
transitions (Frehland, 1979; Lauger et al., 1980). In this
case the conductance of the channel explicitly depends on
the rate constants of conformational transitions. Such
coupling may occur when the average lifetimes of confor-
mational states are of the same order or lower than the
dwelling times of ions in the binding sites. The channel
may then exhibit unusual flux-coupling behavior in experi-
ments with more than one permeable ion species.
As a result of the strong coulombic interaction between

an ion in a binding site and polar groups of the protein,
transition rate constants may depend on the occupancy of
the binding site. Under this condition a nonequilibrium
distribution of conformational states is created when ions
are driven through the channel by an external force (a
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FIGURE 1 Energy profile of a channel with two conformational states A
and B. VA and vA are the frequencies ofjumps from the solutions into the
empty site (state A); uA and g' are the frequencies of jumps from the
occupied site into the solutions; c' and c", and 4' and 4", are the ion
concentrations and the electrical potentials in the left and right aqueous
solutions. a,', a,", a', and a" are dimensionless coefficients describing the
fractions of total voltage dropping between solution " and the respective
energy wells. In general, positions of barriers and wells may shift during a
conformational transition.

difference of electrochemical potential). As will be shown
below, this may lead to an apparent violation of micro-
scopic reversibility, i.e., to a situation in which the
frequency of transitions from state A to state B is no longer
equal to the transition frequency from state B to state A.

TWO-STATE CHANNEL WITH SINGLE
BINDING SITE

We consider a channel that fluctuates between two con-
ducting states A and B, and assume that the rate of ion
flow through the channel is limited by two (main) barriers
on either side of a single (main) binding site (Fig. 1). In
series with the rate-limiting barriers, smaller barriers may
be present along the pathway of the ion. This model
corresponds to a channel consisting of a wide, water-filled
pore and a narrow part acting as a selectivity filter (Hille,
1971). Depending on the occupancy of the binding site, the
channel may exist in four substates (Fig. 2): A0: conforma-
tion A, empty; A*: conformation A, occupied; BO: confor-
mation B, empty; B*: conformation B, occupied. Since an
ion in the binding site interacts electrostatically with
neighboring polar groups of the protein, the rate constants
for transitions between A and B depend, in general, on
whether the binding site is empty or occupied (i.e., k°EB =

k*B, and kBA =: k BA)
Transitions between empty and occupied states occur by

exchange of an ion between the binding site and the left or
right aqueous phase (Fig. 1):

VA = VA + 'A=CPA+CPA ( 1C)

AA = /A + HA- (2)

Similar equations hold for state B. In Eq. 1 it is assumed
that ions in the energy wells outside the rate-limiting
barriers are always in equilibrium with the corresponding
aqueous phase. The jumping frequencies VA and VA into the
empty site are then proportional to the aqueous ion concen-
trations c' and c", respectively, whereas the rate constants
'A and gA for leaving the site are independent of c' and c".
The principle of microscopic reversibility requires that

the rate constants obey the following relationship (Lauger
et al., 1980):

AVA/. 'B/.B VALB- A_ BA = exp[zu-u.]
VAA VBMB BVA AB BA

where z is the valence of the permeable ion species, u the
voltage across the channel, and u0 the equilibrium voltage
of the ion, both expressed in units of kT/e0 (k, Boltzmann's
constant; T, absolute temperature; e0, elementary charge):

A11 ,_A,
kT/e0

zuo = ln(c"/c').

(4)

(5)

If P(X) is the probability that a given channel molecule
is in state X, the time-averaged single-channel ion flux 4)
from solution ' to solution " (Fig. 1) is given by

4)
= v' PP(A') - /L" P(A*) + v'BP(B0) - ,4"P(B*). (6)

The probabilities P(X) may be obtained from the steady-
state conditions dP(X)/dt = 0, introducing the equilib-
rium constants H° and H* of the conformational transi-
tions (Lauger et al., 1980):

Ho = kAB/kBA; H* = k*B/k*A. (7)

The result reads:

4)- (1/o)[1 - exp (zu. - zu)]

[VI I(1 + VB/kBA + /B/kBA)

± VB/B(H H + H*VA/kBA + H /A/k*A)
+ H*V', I + HV'pu't ];

- (1 + H0)(/LA + H*/B + /AAB/kBA)

+ (1 + H*)(VA + H0VB + VAVB/kBA)

+ VAAB(H /kBA + 1/k*A)
+ VB/A(H/kBA + 1/kBA).

(8)

(9)

It is seen from Eqs. 8 and 9 that the ion flux 4) explicitly
depends on the rate constants k'B, k'A, kVB, and k*A. This
is an expression of the phenomenon of coupling between
ion translocation and conformational transitions. Similar-
ly, the steady-state probabilities P(X) not only contain the
equilibrium constants H°, H*, VA//AA, and vB//uB but

(3)
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FIGURE 2 Transitions among four substates of a channel with one

binding site (A': conformation A, empty; A*: conformation A, occupied;
B': conformation B, empty; B*: conformation B, occupied).

depend explicitly on the translocation rate constants A' , A"
,AB, and AB-
An essential condition for the occurrence of coupling is

the assumption that transitions between the two conforma-
tions can take place both in the empty and in the occupied
state of the binding site. If transitions start only from one of
the states (kAB, kBA = 0 or kAB, k A = 0), then the
dependence of 4) on the rate constants of conformational
transitions is lost.

TIME-AVERAGED SINGLE-CHANNEL
CONDUCTANCE

If the rate constants of conformational transitions are
sufficiently small, many ions pass through the channel
during the lifetime of the individual conformational state.
In this case a well-defined conductance can be assigned to
each state. On the other hand, the frequency of transitions
between states A and B may be much too high to be
resolved in a single-channel record at the finite bandwidth
of the experiment. Apart from instrumental limitations, an
inherent restriction is given by thermal fluctuations of the
single channel current. According to Nyquist's theorem,
the RMS value of current noise from a channel of average
conductance A is i = /4 kTAAf in the frequency interval
Af. To observe a transition to a substate, the conductance
increment AA of the substate must be larger than i/ V, if V
is the driving force of ion flow expressed as a voltage. On
the other hand, the detection of a substate of mean lifetime
r requires a bandwidth of Af > 1/27rr. This sets a lower
limit of

2kTA
>r(VAA)2 (10)

for the lifetime of a substate that can be detected in a
single-channel record. With A = 10 pS, AA = 1 pS and V=
100 mV, the theoretical limit of r is of the order of 10 ,As. In
practice, the resolution may be much lower. Conforma-
tional transitions with frequencies not too much above the
cutoff frequency of the amplifier manifest themselves as an
increased noise of the current signal. If the transitions are
still faster, only an average channel current is observed
(Fig. 3).

A----

B--- - rbeved
current

time

FIGURE 3 If the mean lifetime of conformations A and B are much
longer than the dwell times of ions in the binding sites, the channel
fluctuates between discrete conductance states. The frequency of transi-
tions between A and B may be much higher than the bandwidth of the
measurement; in this case only an average current is observed.

Concentration Dependence of Conductance
Introducing the condition kAB, kBA,kBA <VA, PB, /5AA I5B
(frequency of conformational transitions much smaller
than frequency of ion jumps) the ohmic single-channel
conductance A(c) is obtained from Eq. 8 in the form

A(c) = PAAA + ( - PA)AB (C = C = C). (I 1)

PA= P(A°) + P(A*) is the probability of finding the
channel in state A (A' or A*) which, in the vicinity of
equilibrium, is given by

1 + CKA
1 + H + (1 + H*)cKA' (12)

KA = PA/AA and KB = PB/MB are the equilibrium constants
of ion binding in states A and B, which are connected by
the relation H*KA = H°KB * AA is the conductance of the
channel in state A (z is the valency of the ion):

z e2, CKA / AI
AA =

z , K AA

kT I + cKA YAA (13)

A similar equation holds for AB. Since PA is a function of
ion concentraton c, the concentration dependence of the
observed average conductance A is different from the
simple saturation characteristic of a channel with time-
independent potential profile (Eq. 13).

Deviations from a simple saturation behavior of conduc-
tance may result from ion-ion interactions in the channel
(Hille and Schwarz, 1978; Urban et al.; 1980; Sandblom et
al., 1983) or from the presence of regulatory binding sites.
In the channel mechanism discussed here, the single-
channel conductance A is influenced by the concentration-
dependent distribution of conformational states (Eq. 12).
The concentration dependence of the probability PA results
from the fact that the equilibrium constants H° and H* of
conformational transitions in the empty and the occupied
state of the binding site are, in general, different. Only in
the limiting case H°0 H* does PA assume a concentration-
independent value 1/(1 + H°).

Current-Voltage Characteristic
It has recently been observed that certain ionic channels
exhibit a strongly rectifying behavior of single-channel
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current amplitudes. Examples are the so-called inwardly
rectifying potassium channel that occurs in nerve and
muscle cells (Sakmann and Trube, 1984), and the musca-
rinic potassium channel in pacemaker cells of the mamma-
lian heart (Sakmann et al., 1983). A possible explanation
for the asymmetry of the current-voltage characteristic
consists in the assumption that the channel fluctuates
between different conductance states A and B and that the
distribution of the states is voltage dependent (Gunning,
1983). If the transition frequencies are too high to be
resolved in a single-channel record, the channel may
behave as an intrinsic rectifier.

For a more quantitative discussion we assume that state
B is virtually nonconducting (B, VB 0"). According to Eq.
8 the channel current I = ze04 is then given by

1 - exp[-z(u - u0)]
I = ze0vjA4A (1 + H0)JLA + (1 + H*)VA (14)

If a'u and a"u are the voltages across the left and right
barrier of the selectivity filter (Fig. 1), the voltage depen-
dence of the rate constants 'A and g" is given by the
following rate-theory expressions (Parlin and Eyring,
1954), assuming symmetrical barriers:

MA = IA exp(za"u/2); IA = ISA exp(-za'u/2). (15)

'AA and jA" are the values of gA and
ji"

at u = 0. Similarly,
since the outer parts of the channel are assumed to be in
equilibrium with the external solutions:

p'A= Pc' = AC' exp[zu(a' + a'/2)] (16)

VA=PAC = PAC exp[- zu(a + a /2)] (17)
at +al + tc' = L. (18)

Replacing a', a"', a', a" by
l

Be fi', f", analogous
expressions for the rate constants in state B are obtained.
To describe the voltage dependence of the equilibrium

constants K° = kAB/k°BA and K* = kAB/k*A, we consider the
channel molecule as an assembly of point charges qi (Fig.
4). The qi may represent free charges as well as charges
from dipolar groups. During a transition from state A' to
Bo the charge q, eo0i is displaced over a certain distance
Ali. If Axi is the component of Al, in the direction of the
external field E, the contribution of membrane voltage V =
,6- I" to the total energy change during the conforma-
tional transition is given by

AU = -EE qAx= -VeoZOiAxi/d -VeO07°. (19)

The second part of this relation is based on the assumption
that the electric field is constant within the membrane. In
an analogous way the voltage dependence of the transitions
A* B* is described. This yields

Ho = H° exp(ifu); H* = H1* exp(n*u). (20)

'I v

FIGURE 4 The voltage dependence of the equilibrium constants K° and
K* of conformational transitions is treated by considering the channel
molecule as an assembly of point charges qi. During a transition from
state AO to state Bo, the charge qi is displaced over a certain distance Ax; in
the direction of the external field E. d is the membrane thickness.

Ho and H* are the values of Ho and H* at zero voltage. It
is seen from Eqs. 3, 15-18, and 20 that the "gating
charges" e0770 and eo07* are connected by

?1* ?° = ZKe + 0' - (e + a )] (21)

The quantity fle + (a'- (c4 ± a') describes the displace-
ment of the binding site within the membrane dielectric
during the conformational transition A -- B.

Current-voltage curves (Eq. 14) of a channel that
fluctuates between a conducting state A and a nonconduct-
ing state B are shown in Fig. 5 for symmetrical aqueous
solutions (c' = c") and different values of the equilibrium
constants H° = H*-H. The same gating charge of + 2e0
has been assumed for both transitions A' -- B' and A*
B* (,qO = n* = 2). With increasingly positive voltages V=
(k7/eo)u the channel spends most of the time in the closed
state B. Accordingly, the I(V) curve exhibits rectifying
behavior with a negative slope at larger voltages V. For
large values of the equilibrium constant H the channel
starts to close already at voltages V < 0; the negative slope
then becomes marginal.

I

pA
0

H=0100
10

-5

-10
V/MV

-60 40 -20 0 20 40 60

FIGURE 5 Current-voltage characteristic of a cationic channel (z = 1)
that fluctuates between a conducting state A and a nonconducting state
B. At high frequency of transitions A B only an average current J is
observed in the single-channel record. J(V) has been calculated from Eqs.
14-21 for symmetrical aqueous solutions (c' = c") under the condition
H° = H*- H. (frH= kAB/kBA and H* = kAB/kBA are the equilibrium
constants for the transition A B). The following parameter values have
been used: VA = MA = 2 x 108 s '; A' = A = IO S ; a' = A't = 0.4; a' -

a" = 0.1; no= n* = 2; kT/eo = 25.7 mV.
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Reversal Potential and Ratios of
Permeability and Unit Conductance

The reversal potential is the voltage at which the average
current through the channel vanishes. In a biionic experi-
ment with two permeable ionic species i and j, the reversal
potential is given by the implicit equation 4b + 4j = 0. The
experimental situation is particularly simple when ion
species i is only present on the left and ion species j only on
the right side and when i and j have identical concentra-
tions (c, = cj' = c, c,' = cj = 0). Under this condition the
reversal potential u, of a channel with a single binding site
and fixed conformation is given by the implicit relation

ii exp(a"u,/2) + `it exp(-a'ur/2)
7t, exp(a"u,/2) + A"' exp(-a'u,/2) r

(22)
, il' Kj

Kj= p/j = p"/4' and Kj = /F`= bj"-'/ are the
equilibrium constants of ion binding at zero voltage
(Lauger, 1973). When the voltage drop across the selectiv-
ity filter is small (a' aa" 0), Eq. 22 reduces to the
Goldman equation

(A!A K.\Kj
Ur = AiK)K i (23)

The permeability ratio PjlPi, which is defined by Eq. 23, is
introduced here merely as a convenient way to represent
ur. (Under the common assumptions that are used in the
derivation of Goldman's equation (electrodiffusion under
constant-field conditions) the quantity Pj/Pj is equal to the
ratio Pj*/P"* of the tracer permeability coefficients. For a
channel with discrete binding sites Pj/Pi is, in general,
different from Pj*/P*.)
A further quantity of interest is the ratio Aj/A, of the

single-channel conductances measured under symmetrical
conditions (c, = c;" = c or cj' = cj' = c) in the limit u- 0.
For a channel with a single binding site and fixed confor-
mation this ratio is given by (compare Eq. 13):

A, j-I4/ j, Kj 1 + cKiA -Ai *K 1 +
Ai ,i,u'/l,ij Kj I + cKj

(24)

Eqs. 23 and 24 mean, of course, that the permeability ratio
is, in general, different from the conductance ratio:

P/Pj 1 + cK,
AJ/A- 1 + cK1

The analytical expressions for the reversal potential of a
channel with two conducting states are rather cumber-
some. It is easier to treat the problem numerically by
calculating the probabilities P(A'), P(B'), etc., of the
different occupancy states of Fig. 6 and introducing these
values into Eq. 6. The reversal potential (and the perme-
ability ratio Pj/Pi) is then obtained from the condition
4j + 4j = 0. In the calculation of 4i + 4)j the voltage
dependence of the kinetic parameters has to be introduced
explicitly, using Eqs. 16-21 together with the rate-theory
expressions kAB = kAB exp(eu/2), kBA = kBA exp(-1 u/2),
k* = k*B exp(,q*u/2), k*A = k*A exp(-,q*u/2) (compare
Eq. 20).

In Fig. 7 values of s,j = (Pj/P1)/(Aj/A,) are plotted as a
function of the rate constants kAB = kBA of conformational
transitions, assuming that the binding constant is identical
for both ionic species in both conformational states
(K'A = KJ = KB - KI = K). For a channel with fixed
conformation the ratio sij is equal to unity under this
condition. In the case of a two-state channel, however, sij is
a function of ionic concentration c even for Kj = Kj, as seen
from Fig. 7. s,j approaches the value kAB/kAB (= 100 in the
example considered here) for kAB - 0 and becomes equal
to unity for kAB -- c. The results represented in Fig. 7
demonstrate that it is useful to measure PjlPi and Aj/A,
over a wide range of ionic concentrations in order to obtain
information on the microscopic behavior of the channel.

CONCENTRATION DEPENDENCE OF
MEAN LIFETIMES

A further prediction of the channel model depicted in Fig.
I concerns the concentration dependence of mean lifetimes
of channel states. We assume that the duration of confor-
mational states A and B is long enough so that transitions
can be directly observed in a single-channel current record.
The probability that a channel that is in conformational
state A makes a transition to state B within time dt may be

ks I

A kAB,
kBA

kAB

kBA

MAl"~JI

A0A
pAi|(25)

Eq. 25, which holds for a channel with fixed conformation
predicts that the permeability ratio PjlP, is larger than the
conductance ratio Aj/Ai if ion species j is more strongly
bound than ion species i (Kj > Kj). The difference between
Pj/P, and Aj/Ai becomes negligible at low ion concentra-
tions (cKj, cKj << 1) i.e., far from saturation.

B'

v4$

B0

Bj
kJAj AB,w
kJBA

FIGURE 6 Channel with one binding site and two conformational states
in the presence of permeable ion species i and j. A' and B° are empty
states, A', Ai, Bi, and B' are occupied states of the channel.
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FIGURE 7 Permeability ratio Pj/P, as obtained from the reversal poten-
tial ur -In (Pj/IP) in a biionic experiment with c' = c" = c, c;" = C' = 0.
Aj/A1 is the conductance ratio measured under symmetrical conditions at
the same concentration (c;' = c;" = c or c; = cj" = c). koB = k'A are the rate
constants of conformational transitions with empty binding site. K-
KA = Kk = KB = KjB is the equilibrium constant of ion binding at zero

voltage. The ratio (Pj/Pi)/(Aj/Ai) is calculated for a channel with
strongly asymmetric barriers and identical potential profiles for both ionic
species, using ji'A B 1 AOS';i A= 'B= 10 S;kAB=kBA= lOS
kJAB =kB = 1; a, 0; a" = #- 0.8; a'=- a" =,= 0.1;
° = 0; v* = 0.8; z = 1. This set of parameters is consistent with
microscopic reversibility (Eq. 3) and corresponds to conformational states
A and B, which are symmetric with respect to the barriers adjacent to the
binding sites (see inset).

written as dp = kAdt, the rate constant kA being given by

kA = P(A0)kAB + P(A*)k*B. (26)

P(A°) = 1 - P(A*) is the conditional probability that the
channel is in state A', given that it is in state A0 or A*. If
the frequency of transitions A - B is much lower than the
frequency of jumps of ions between binding site and
aqueous solutions, the probabilities P(A°) and P(A*) are
related by the steady state condition P(A0)PA = P(A*)M4A
of a channel that is permanently in state A. This yields for
the mean lifetime TA = 1 /kA of state A

TA =- MA+V (27)
MAkAB + vAkAAB

Thus, through the quantity VA = C'PA + C"P'A (Eq. 1), the
mean lifetime depends on the aqueous ion concentrations.
Only when the transition frequencies are unaffected by the
presence of the ion in the binding site (kAB = kAB) is the
lifetime given by the usual concentration-independent rela-
tionship TA = 1/koB. Evidence for a dependence of open-
state lifetime on the nature and concentration of permeant
ions has been obtained for acetylcholine-activated channels
(Van Helden et al., 1977; Ascher et al., 1978; Marchais
and Marty, 1979; Adams et al., 1981; Takeda et al., 1982),
as well as for potassium channels (Swenson and Arm-

strong, 1981) and calcium channels (Nelson et al., 1984) in
excitable membranes.

COUPLING OF FLUXES

If two permeable ion species i and j are present in the
solutions bathing the membrane, two different fluxes 4j
and 4j may be observed, for instance in a tracer flow
experiment. For a permanently open channel with fixed
potential profile, the fluxes of ion species i and j are given
by (Liuger, 1973)

(1) = *. V,,u, [exp(zu - zu) - 1]

D

(28)

(29)

(30)D- Pi1j + vjA, + Ij,uj

zui = ln(c'/c'); zuj = ln(cj'/cj). (31)

From the form of Eqs. 28 and 29 it is clear that 1, and 4j do
not obey the independence principle, since, for instance, 4,
depends on c; and cj' via vj = cjpj + cj7pj7 in the denominator
D. On the other hand, 4i vanishes when the system is in
equilibrium with respect to ion species i (u = ui), indepen-
dent of the driving force for the other ion. This means that
flux coupling does not occur in a one-site channel with
fixed potential profile.

In a channel that fluctuates between two conformations
A and B, the fluxes of different ion species may become
coupled. A prerequisite for coupling is the condition that
the frequency of conformational transitions is comparable
to or larger than the frequency of ion jumps between
binding site and aqueous phases. If state A has a low
barrier to the left and a high barrier to the right, whereas
state B has a high barrier to the left and a low barrier to the
right, neither state is appreciably ion conducting. However,
ions may pass through the channel by a cyclic process in
which binding of an ion from the left side in state A is
followed by a transition A - B and release of the ion to the
right side (Fig. 8). Under these conditions the channel
approaches the kinetic behavior of a carrier. When an ion
has passed through the channel from left to right, the
channel will be (with a high probability) in state B, in
which binding of the next ion will take place preferentially
from the right. Driving the cycle by a concentration
difference c - cj > 0 of ion species j thus induces a flux of
a second ion species i in the opposite direction under the
condition c, = c,'. In other words, the channel exhibits
negative flux coupling (or counter transport). It may be
expected that coupling is particularly strong when the rates
of conformational transitions in the empty state of the
channel are low; this is the case when the rate constants of
the transition A0 - B0 are small, and/or when the ion
concentrations are so high that the binding site is mostly
occupied.
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species i (4j < 0). As expected, the absolute value of 4j/4j
is large for small values of the rate constants kA = kBA of
conformational transitions with empty binding site. (For
infinite height of the larger barrier, the ratio 4i/bj
approaches -1 in the limit kAB, kBA , 0, corresponding to
complete coupling). Furthermore, the coupling ratio
increases with increasing ion concentration c! = c'' = cj=c,
i.e., with increasing occupancy of the binding site. At low
ion concentrations and/or large values of kAB = kBA,
coupling is lost (4j/4j = 0).
The isotope fluxes 4j and 4j are related to the unidirec-

tional fluxes 49 and 49' (49 is the flux from solution' to
solution", see Fig. 1):

FIGURE 8 Carrier-like behavior of an ion channel resulting from transi-
tions between state A with a high barrier to the right and state B with a
high barrier to the left. During the cycle A -A* -B* B° an ion is
translocated from left to right.

As an example we consider a hypothetical flux experi-
ment in which ion species i and j are isotopes, so that all
rate constants are the same for i and j. We also assume that
states A and B are symmetrical with respect to the barriers
of the selectivity filter (see inset of Fig. 9), with a ratio of
1 :100 of the dissociation rate constants of the ion from the
binding site. In Fig. 9 the coupling ratio 4Sj/4j is given for a
system that is in equilibrium with respect to ion species i
(c, = c'', u = 0) and in which a flux 4j > 0 is driven by a
concentration difference cj - cj' > 0 of ion species j. 4Ij/4j
was calculated from Eq. 6 by solving the equations for the
probabilities P(A'), P(B'), etc., numerically. It is seen from
Fig. 9 that the flux 4j induces a countertransport of ion

FIGURE
species
(c, =c'
transiti
equilibr
for thre
kinetic
10 s-';,
with mi
states i
adjacer

: Cof;. - :C' | C ( )b"'bC, ZtjC = ctexp(zu) . (32)

c' =c,± c; and c" = c' + c,' are the total concentrations in
solution' and solution", respectively, and n is the so-called
flux-ratio exponent. It is easily seen that under the condi-
tions leading to countertransport (Fig. 9) n is always
smaller than unity.
When the potential profile of both ion species in the

channel is similar (or virtually identical as in the case of
isotopes) flux coupling is always negative. On the other
hand, if the two ion species interact very differently with
the channel, situations are conceivable that lead to positive
flux-coupling (cotransport). Positive flux-coupling occurs
if the energy barriers for the two ion species are strongly
different such that in state A ion i would enter more easily
from the left and ion j more easily from the right, whereas
in state B the binding site is accessible for i from the right
and for j from the left. In this case passage of an ion i from
left to right leaves the channel in state B, which then may
return to state A by transfer of an ion j in the same
direction. Thus, both cotransport and countertransport is
possible in a channel with fluctuating potential profile.
Coupling between fluxes of different ion species in this case
does not require ion-ion interaction in the channel, but
results from the correlation between successive transfer
events.

jC=C IC; = c NONEQUILIBRIUM DISTRIBUTION OF
- C8~~~~~~=11-c9'=G

J.lc J~c 1 LONG-LIVED CHANNEL STATES
).8

, , kAs/sk 1 - In the following we consider a channel that fluctuates
0a001 Qo1 0.1 1 10 100 between three conformational states A, B, and C (Hamill

and Sakmann, 1981; Trautmann, 1982; Hamill et al.,
9 Coupling of fluxes 4j and $j of two permeable (isotopic) ion 1983); A may be the fully open state, C the closed state,

i and j. The system is in equilibrium with respect to ion species iand B a conductive substate. We assume that the lifetimes
u = 0). kAB = ksA are the rate constants of conformational

ons with empty binding site. K - KoA K1A DK'B =K iS the of these states are so long that the transitions can be
rium constant of ion binding. The coupling ratio 4i/$j is calculated directly observed in a single-channel current record (Fig.
ee different ion concentrations c with the following values of the 10). A macroscopically observable transition, say, from A
parameters: B4 - =- Ii = 0.1 S = = = = to B can result, at the microscopic level, from a transition

k'B -kB B - kBA 1 s'. This set of parameters is consistent 0*
icroscopic reversibility (Eq. 3) and corresponds to conformational A B(bindisecpdngsite empty) or from a transition A* b
A and B, which are symmetrical with respect to the barriers B (binding site occupied). (The distinction between these
it to the binding site (see inset). two elementary processes is always meaningful as long as
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FIGURE 10 Single-channel record showing transitions among three
different conformational states A, B, and C of the channel.fAB andfBA are
the frequencies of transitions A - B and B -A, respectively.

the actual duration of a conformational transition is
shorter than the mean lifetimes of the empty and occupied
states of the binding site.) Accordingly, the microscopic
description of the channel may be based on the scheme
shown in Fig. 11.
From single-channel records such as those shown in Fig.

10 the frequencyfxy of transitions from state X to state Y
may be obtained (X, Y = A, B, C). For a cyclic intercon-
version of three states:

A - B

C

the principle of microscopic reversibility requires that
under equilibrium conditions the transition frequencies in
both directions are the same (fxy = fyx). If, however,
transitions between conformational states depend on the
occupancy of ion binding sites, one may expect that the
symmetry relationshipfxy =fyx no longer holds when ions
are driven through the channel by an external force.
The expectation that fxy and fyx may become unequal

in the presence of a driving force for ion flow is born out by
an analysis of the reaction scheme of Fig. 11. Since A, B,
and C are assumed to be observable conductance states,
their lifetimes must be much larger than the average dwell
time of ions in the binding sites. (If state C is nonconduct-
ing, the binding site may be assumed to be in fast exchange
with one of the aqueous solutions.) The probabilities P(X°)
and P(X*) for empty and occupied binding site are then
given by the steady-state condition of a channel that is in a
(quasi) permanent state X (X = A, B, C):

P(X*) vx (33)
P(X°) ox

Microscopic reversibility requires that the following rela-
tions hold (Lauger et al., 1980):

kOBkOckOA = kBAkoCkCB;

k*Bk*ck*A = k*Ak*ck*B (34)

x = x -x YX = exp[z(u - u)]. (35)

(X, Y = A, B, C). Since transitions X Y may occur in
the empty and in the occupied state of the binding site, the

FIGURE 11 Transitions among three conformational states A, B, and C
of a channel. States with empty binding site are denoted by AO, Bo, and CO,
states with occupied binding site by A*, B*, and C*.

total transition frequencyfxy is given by

fXY = P(X0)ko y + P(X*)k *. (36)

The asymmetry in the transition frequencies may be
expressed by the quantity Xxy:

Xxv
fx

+
y

(37)

Xxy is obtained by calculating the probabilities P(A°),
P(A*), etc., in the steady state (Appendix A). The result
reads:

XAB = - * (1 -exp(zu - zu,)] (qABC + qBCA + qCAB),
DAB

with the abbreviations:

qxyz- (ivx My- v'X'y)

* ( vz ko y kz kz-x-4Az kx*y kyzx)
Ix Iy

(38)

(39)

DAB = 2rAB rBA(rCA + rCB) + rAB rjc rCA + rAc rCB rBA (40)

rxy =x koy + Vx k* (41)

The quantities XBc and XCA are obtained from Eq. 38 by
cyclic permutation of the subscripts A, B, and C.
The result contained in Eqs. 38-41 may be summarized

in the following way. Transition frequencies are asymmet-
ric (xxy # 0), as long as a driving force for ion flow is
present (u = uo). At equilibrium where exp(zu - zuo)
becomes equal to unity, the asymmetry disappears
(xxy = 0). This has to be expected, since the asymmetry of
transition frequencies results from a nonequilibrium distri-
bution of conformational states that is created by ion flow
through the channel. Furthermore, by using Eq. 34 it may
be shown that Xxy vanishes when the transition rate
constants for empty and occupied binding site are identical
(koy = k*y). In general, however, koy and k*y are
different, since the presence of a charge in the binding site
changes the energy of the different conformational states.

Another limiting case in which the transition frequen-
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cies become symmetrical is given by the condition
(Ascher et al., 1978; Marchais and Marty, 1979) that
conformational transitions can occur only when the bind-
ing site is empty (k*y = 0).
The problem of cyclic interconversion of channel states

discussed here has a well-known counterpart in ordinary
chemical kinetics (Skrabal, 1930; Hearon, 1953). In a
cyclic reaction among three chemical species A, B, and C
an equilibrium state may be maintained, in principle, by a
fast clockwise reaction A B - C - A and a simulta-
neous slow counter-clockwise reaction A -, C - B -p A.
This possibility is excluded by the principle of microscopic
reversibility or detailed balance (Onsager, 1931), which
requires that in the equilibrium state the rates of each
elementary reaction step X , Y are the same in both
directions. If, however, a nonequilibrium steady state is
maintained by continuous supply or withdrawal of reac-
tants, the reaction rates become unequal in the forward
and in the backward direction. In the case of the ionic
channel, the transition frequencies become asymmetric
when interconversion among the conformational states is
coupled to a dissipative process, the transfer of ions from
high to low electrochemical potential. In the presence of a
difference of electrochemical potential the cycle is driven
preferentially in one (clockwise or counterclockwise) direc-
tion, meaning that fAB - fBA = fBC - fCB = fCA
fAC . O.
A simple situation leading to a pronounced asymmetry

is given by the following example. Assume that in the
transitions A - B and B - C the binding site moves
within the membrane dielectric towards the right. If the
permeable ion is positively charged and if the left-hand
aqueous phase has a high positive potential, the rates of
the transitions A* , B* and B* - C* (binding site
occupied) are strongly enhanced. The back transition
C - A may proceed via the (weakly voltage-dependent)
pathway C° - AO. The cycle A* , B* p C* - Co -

A0 - A* (during which a cation is transferred from left
to right) is then driven by the electric field so that the
overall cycle A - B - C - A becomes predominant
over the inverse cycle A -- C - B -- A. This may be
shown in a more explicit way, assuming the following set
of parameters: kAB = kBA = kBC kCB kAC = kCtA P,
k*B= k*A = C= kCB = kAC = kCA q >> P A =p=
AM= MB= = eC r, MA = MB = MC = VA = -B V = S >> r,
uo = 0. Eq. 38 then reduces to

1 - exp(-zu) (42)

1 + exp(-zu) + 2 k1B +-
BC GCCA

It may be further assumed that kcA, v', and uc are virtually
voltage-independent and that the voltage-dependence of
k*A, k* , and k is given by k*A = k*B = q * exp(-zu/4)
and k* = q * exp(zu/4), corresponding to translocations

of the binding site over half of the membrane dielectric in
the transitions A C- B and B - C. This gives (with
exp(-zu/4)AX):

1 - A4
XAB = 1 + 2X2(1 + X) +A4

Thus, for u >> 1 (X - 0), XAB approaches unity, meaning
that the cycle is driven exclusively in one direction at large
voltage.

CONCLUSION

The existence of multiple conductance states of ionic
channels is suggested by current concepts of protein
dynamics and is directly supported by single-channel
experiments. Lifetimes of individual conformational states
may be far below the theoretical limit of time resolution of
single-channel experiments. The existence of such hidden
substates may strongly influence the observable (time-
averaged) properties of a channel. A channel exhibiting
fast, voltage-dependent fluctuations between different con-
ductance states may behave as an intrinsic rectifier. In a
biionic experiment the reversal potential exhibits an un-
usual concentration dependence that is different from the
behavior of a channel with fixed conformation. Further-
more, in the presence of more than one permeable ion
species, coupling between ionic fluxes may occur, even
when the channel has only a single ion-binding site. In
special situations the rate of ion translocation becomes
limited by the rate of conformational transitions, meaning
that the channel approaches the kinetic behavior of a
carrier.
Of particular interest is the possibility that the rate

constants of transitions between conformational states
depend on the occupancy of ion-binding sites in the trans-
port pathway. In this case the lifetimes of conductance
states are influenced by the nature and the concentration
of permeable ions, a phenomenon that has been observed
with several types of ionic channels.

If the transition probabilities are different for empty and
occupied states of the binding site, a nonequilibrium
distribution of conformational states is created when ions
are driven through the channel by an external force. A
channel that fluctuates between three observable (long-
lived) conductance states A, B, and C may then exhibit an
asymmetry in the transition frequencies (fxy :Jfyx). This
apparent violation of microscopic reversibility results from
coupling between conformational transitions and ion flow.
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APPENDIX A

Derivation of Eq. 38
To calculate the transition frequency fxy. we introduce the conditional
probability P(X*) that the channel is in state X* (given that it is in state
X* or X°). P(X*) is connected with the probability P(X*) of state X*
and with the total probability Px of state X (X° or X*) by the relation
P(X*) = PxP(X*). According to Eq. 33 the conditional probabilities
P(X*) and P(X°) = 1 - P(X*) are given by

P(X*) - ; P(XO) = . (Al)
Px + Ax VX+ gx

Using Eqs. Al the transition frequencyfxy = P(X*) ky + P(X°) koy is
obtained as

y= x (vxk*y + ylxkoy) Pxsxy. (A2)
Vx + Ax

The probabilities Px, Py, and Pz = 1 - Px - Py may be calculated from
the steady-state conditions dPx/dt = 0, dPy/dt = 0

dt~ = - (Sxy + Sxz)Px + syxPy + SzxPz = 0 (A3)dt

dpy
ddtY = - (Syx + syz)Py + sxyPx + SzyPz = 0. (A4)

The result reads

Px = (Syxszx + szysyx + syzszx)/Q Qx/Q (A5)
py = (Sxyszy + szxsxy + sxzszy)/Q Qy/Q (A6)

Pz = (sxzsyz + sxysyz + syxsxz)/Q Qy/Q (A7)

Q Qx + QY + QZ. (A8)

The quantity XAB (Eq. 38) is then obtained (after a lengthy calculation)
by combination of Eqs. 1, 2, 34, 35, 37, A2, A5, and A6.
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